Metal-organic frameworks (MOFs) are an attractive substrate for catalytic reactions due to the high area density of reaction sites and the ability to tailor an array of material attributes. This study focuses on a thermally stable crystalline UiO-66(Zr) MOF structure and the modulation of the electronic structure using two strategies to improve the catalytic conversion and selectivity of benzene alcohol to benzedehyate. Those two strategies include the functionalization of the organic struts with branched ligands and manually creating structural defects with unsaturated organic linkers. A combination of computational and experimental results provide evidence of improved catalytic activity of MOFs via these two approaches. Functional groups attached to the main organic strut modify the electronic environment of the photoactive aromatic carbon and thereby decrease the optical band gap by 1eV. Whereas the introduction of structural defects due to the organic linker desaturation provided a shift in the HUMO as a result of the decrease in strut coordination with the inorganic knots.
Introduction
The past two decades witness the rapid growth of a new class of porous materials, Metal-Organic Frameworks (MOFs), which are constructed with organic struts and inorganic knots in a highly periodic crystalline solid. Since its emergence, MOFs have attracted tremendous interest due to their structural diversity and flexible functionality in one single material, which endows MOFs potential applications in many areas such as gas capture/storage/separation, chemical sensing, and even drug delivery [1, 2, 3, 4, 5, 6 ].
Thanks to the high surface area and the permanent porosity, MOFs also build up an ideal platform for developing a new generation of heterogeneous catalysts. [6, 7, 8, 9] The commonly employed approaches to control the catalytic activity in the porous materials like traditional porous zeolite is to engineer the surface functions and manipulate the structure defects that may bare variable functional active sites like Lewis Acid and/or Lewis Base. [6, 10] Over the traditional porous materials, MOFs exhibit the exceptional superiority on the chemical variability by introducing the molecular catalysts for desired catalytic reactions. These catalytically active molecules could be directly incorporated into MOFs during the synthesis process by being pre-linked on the organic linkers or post-grafted on the framework after the formation of MOFs. Theoretically, both approaches ensure the completely isolated and homogeneous dispersion of these molecular catalysts across the entire frameworks with the extreme accessibility for each functional moiety, which prevents the aggregation and the related deactivation, as well as the solubility concern that always disturbs the molecular homogeneous catalysis systems. [6, 11, 12] The versatility of molecular catalysts imparts the possibility to better control the selectivity and targeted catalytic reactions over MOF-based catalysts.
Alternatively, exclusive the catalytic activity originating from the molecular moieties, some MOFs materials demonstrated superior catalytic activity from the metal ions at the inorganic nodes that could be made catalytically active by removal of the solvent ligands resulting in the coordinately unsaturated metal 2 ion sites as the catalytic centers. [13, 14, 15] Analogous activity exactly happened to zeolite materials. Unfortunately, the understanding of the nature of such active sites in MOFs is at its early stage, and it still remains unclear how to sterically define and experimentally modify these sites, or how the sites activity can be further strengthened. [6] Remarkable insights are definitely required to interpret the intrinsic catalytic properties of the unsaturated metal nodes in MOFs.
Another case in exploiting metal nodes catalytic activity in MOFs does not require the open metal ions, whereas treats MOFs as semiconductors that can be activated with light illumination. In such case, the organic linkers function as antennae and inject the photogenerated electrons to the metal nodes where catalytic reactions happen. Zn, Ti, and Zr-based MOFs have been proven photocatalytic active for organic dyes degradation, water splitting for H 2 generation and CO 2 reduction. [16, 17, 18, 19] MOFs, as a new kind of photocatalyst, offer significant advantages over the conventional metal oxide photocatalysts: (i) high surface area and uniform pores facilitate the diffusion and adsorption of substrates; (ii) the redox center is highly exposed, leading to the increased reaction rates; and (iii) organic functionalization provides the flexibility for tailoring the electronic structure. However, most of these photoactive MOFs always fall in the ultraviolet light absorption range. [5, 9] It remains a great challenge to harvest the solar spectrum as much as possible with stable MOF materials.
With the prompt progress in this emerging field, MOFs with strong chemical and thermal stability have been successfully fabricated, which could definitely broaden their catalytic applications under much harsher conditions. As mentioned above, their catalytic activity stems from either the organic molecular catalyst or metal nodes. All these features enable MOFs as the combination of heterogeneous and homogeneous catalysts, [6, 12] which makes MOFs very sensitive to the modifications of the organic linkers and inorganic knots that critically determines the final activity on the catalytic reactions. Herein we combine the theoretical prediction and experimental results to show these effects originating from the commonly used preparation processes, (i) organic linker modification by varying the side groups and (ii) unsaturated organic linker defects that are commonly observed with very small change in the preparation parameters.
Results and Discussion
In this study, a Zr-based UiO-66 MOFs have been selected as the target MOF structure partially because of their exceptional chemical stability in strong acid aqueous solution, high thermal stability up to 300-400C, as well as the demonstrated catalytic activity as Lewis Acid substrate and photocatalytic activity for chemical fuel generation. [6, 16, 19, 20, 21, 22] ers can be lengthened to reduce the band gap energy, but the change mobility is limited. Also, these longer linkers rely on non-commercial organic linker precursors, which are difficult to synthesize. [24] Another approach for modulating the band gap is to exchange the metal cation. However, the stability and the redox levels limit the selection of metal cores for photoactive MOFs [25] . A more favorable route to reduce the band gap and to modulate the electronic structure in MOFs is the substitution of the side groups onto the main organic linker.
The conjugated π electron structure in the organic linker is extremely sensitive to substitutions, which provides a simple yet effective modification procedure. [26, 27, 28] Despite the pre-existing knowledge available from organic dyes, few studies have been conducted to investigate the effects of substituted linkers on the electronic band structure of MOFs. Few reports have given insight into the electronic band structure of MOFs. It remains a significant challenge to design and synthesize MOFs with tunable light capture capability for driving photocatalytic reactions.
To realize the modulation upon the variation of the electronic structure, 5 organic linkers with different branched groups, i.e. H, NO 2 and NH 2 , corresponding to BDC, NO 2 -BDC and NH 2 -BDC, respectively, were used during the solvothermal synthesis process, which one-step yielded the UiO-66(Zr) MOFs materials with corresponding side functionalities, as shown in the inset in Figure 1c. The unchanged X-ray diffraction (XRD) patterns (Fig. S1 ) indicate that the substituted side groups did not alter the original face-centered-cubic crystal structure of UiO-66(Zr) MOFs. Indeed we observed the apparent color changes for these three UiO-66(Zr) MOFs. To quantitatively evaluate the absorption edge, we performed the UV-VIS absorption spectrum measurements, as shown in Figure 2c . As expected, the substitution of side groups results in the broadening of light absorption into the visible light region. H-UiO-66 has an absorption edge cutting at 340nm, corresponding to a band gap of 3.64eV in the deep UV region. NO 2 could significantly increase the light harvesting capability up to 425nm with a band gap of 2.92eV. NH 2 shows the maximum improvement in the light absorption to the 450nm corresponding to the band gap of 2.76eV. In light of the maintained crystal structure even with the protruded groups, the light absorption change must be related to the modulated electronic structures originating from the varying side groups. Table 1 is a summary of the experimental and DFT predicted band gaps for each of the structures. Both the experimental and DFT results convey the trend of decreasing band gap when the MOF linker coordination decreases. The reader should note that the DFT predictions are underpredicted due to the inherent assumption of DFT, however, the trends are similar.
As mentioned above, the conjugated π electron structure in the aromatic ring is extremely sensitive to substitutions, which subsequently affects the band gap structure of MOFs. To understand the influence of the bonding between the aromatic ring and the side functionalities, a ground state density functional theory (DFT) calculation was carried out to investigate the projected density of states and the origins of the modulation. Computational results validated that the band gap decreases in both NH 2 -and NO 2 -MOFs are prominently related to the sp2 hybridization between N atoms in functional groups (NO 2 and NH 2 ) and carbon atoms in aromatic rings. [29, 30] The different topology, however, determines the different ways that contribute to the electronic modulation. For MOFs materials has been proposed by adding the concentrated HCl acid. [31] Different to other acid coordinators that would help slow down the reaction rate and enhance the crystallinity of MOFs materials, the presence of HCl speeds up the formation of UiO-66 materials more quickly by aiding in dissociating linkers from nodes. Through theoretical calculation and experimental results, it was assumed that four of 12 node linkers missing compared to the regular UiO-66
MOFs family materials, which would generate linker unsaturation defects and allow for more inorganic knots exposed, as compared in Figure 3 .
In our this study, we also prepared this kind of unsaturated UiO-66-R MOFs materials by adding the concentrated HCl during the synthesis process. In the presence of HCl, we see the clear decolorization when compared to the regular UiO-66 MOFs materials. However, the face-centered-cubic crystal structure remained with decreased diffraction intensity. [31] To confirm the possible catalytic activity from the exposed Zr ions acting as Lewis Acid sites, we conducted the same organic transformation reaction 9 (benzene alcohol to benzedehyate) with the same conditions except for no light illumination. As stated before, the regular UiO-66-R MOFs materials demonstrated no activity in driving this reaction in the dark (Fig. 4) . Surprisingly, the unsaturated UiO-66-HCl demonstrated the unprecedented activity for this reaction with an efficiency up to 21%. The product was detected to be pure benzedehyate, demonstrating the hundred percent selectivity. However, the unsaturated UiO-66-NH 2 and UiO-66-NO 2 exhibit almost same but very low activity for this reaction, which is completely different with the photocatalytic reactions in the regular UiO-66 MOFs materials. Without the photocarriers and the specific moieties that can drive the benzedehyate catalytic reaction, the superior activity in UiO-66-HCl should stem from the coordinatively unsaturated Zr ions serving as active Lewis Acid sites to activate this reaction. The dramatically suppressed activity with side NO 2 and NH 2 functionalities should be attributed to the electronic structure modulation that negatively affects the activity of these exposed Zr ions. In this process, molecular O 2 are required for generating active radicals to initiate the reaction. So the interactions between O 2 and Zr ions in unsaturated UiO-66-R MOFs materials were calculated with DFT theory to elucidate the effect of the electronic modulation of the Lewis Acid sites activity.
To understand how the electronic structure is influenced by unsaturating the MOF structure DFT calculations were employed to determine the elemental projected density of states (PDOS). Figure 4 is an illustration of the PDOS for all three cases in both unsaturated and saturated (regular) MOF designs.
For all of the cases in 
Conclusion
MOFs combine the features for both heterogeneous and homogenous catalysis, which makes them are an intriguing platform to develop new catalysts for a wide range brand of potential applications. Due to the presence molecular catalytic moiety, the activity of MOFs materials are very sensitive to the electronic structure modulation even with very tiny structural variations, which offers a great tool to systematically manipulate the catalytic activity and selectivity of MOFs by coupling the other advantages such as diverse chemical availability on organic linkers and inorganic knots, as well as the tunable pore size and permanent porosity. We demonstrated theoretically and experimentally in this paper side group substitution on the main organic strut and coordinatively unsaturated metal ions acting active catalytic sites could be commonly used approach to modulate the electronic structure and finally alter the catalytic activity of MOFs materials. 
Supplemental Information

Experimental
The synthesis of UiO-66-R MOFs follows the literature.[S1,S2] Briefly, the same molar concentrations of ZrCl4 and the organic linker BDC-R were dissolved in DMF (1,4-benzenedicarboxylic acid for H, 2-amino-1,4-benzenedicarboxylic acid for NH2 and 2-nitro-1,4-benzenedicarboxylic acid for NO2, respectively).
The resulting solution was transferred into a Teflon-lined autoclave for 48 hours at 120C. The precipitant was collected using a centrifuge and washed with DMF and methanol, and then re-dispersed in methanol for three days with gentle stirring. After that, the solid was collected and dried at 120C under vacuum.
The synthesis of these kinds of UiO-66 MOFs followed the procedure devel- 
